1. Intracellular current-clamp recordings obtained from neurons ofthe basolateral nucleus of the amygdala (BLA) were used to characterize postsynaptic potentials elicited through stimulation ofthe stria terminalis (ST) or the lateral amygdala (LA). The contribution of glutamatergic receptor subtypes to excitatory postsynaptic potentials (EPSPs) were analyzed by the use of the non Nmethyl-D-aspartate (non-NMDA) antagonist, ãno-7-nitroquinoxaline-2,3-dione (CNQX), and the NMDA antagonist, (DL)-2-amino-5-phosphonovaleric acid (APY).
INTRODUCTION
The amygdala is an almond-shaped area of the brain lying between the external capsule and the hypothalamus and cJ extends rostrally to the level of the nucleus suprachiasmaticus and caudally to the level of the mammillary body. The amygdaloid nuclear complex is a component of the limbic system and has been shown to have a role in the integration and control of emotional and autonomic behavior (Kapp et al. 1981; Ursin et al. 1981) .
One of the most striking behaviors involving the amygdala is the kindling phenomenon.
Kindling refers to the gradual development of epileptiform activity as a result of repeated electrical stimulation of certain brain structures (Goddard et al. 1969) . One area particularly sensitive to kindling and most often used to induce kindling is the basolateral nucleus of the amygdala (BLA). (Burnham, 1975; Kairiss et al. 1984; Racine and McIntyre 1986) .
Anatomically, the BLA resembles the neocortex (Hall 1972a,b; Millhoru:e and de Olmos 1983) . With the use of Golgi-Kopsch and rapid Golgi staining techniques, McDonald (1982) has categorized BLA neurons morphologically into three classes. The majority (-90%) of impregnated neurons resemble pyramidal neurons termed Oass I neurons; the remaining neurons appear to be interneurons (Oass II) or neurogliaform cells (Oass III). Glutamatergic cells are found throughout the basolateral nucleus (McDonald et al. 1989) and the stria terminalis (ST), a major afferent pathway of the amygdala, contains glutamatergic afferent fibers projecting to the basolateral nucleus (01-tersen et al. 1986 ). The basolateral nucleus also receives input from the lateral amygdaloid (LA) nucleus and is reported to project on to itself (Krettek and Price 1978) .
Previous electrophysiological studies in vivo have described (Brothers and Finch 1985; De Molina et aI. 1981; Le Gal La Salle and Ben-Ari 1981; Prelevic et al. 1976) several patterns of response to afferent stimulation consisting of 1) predominantly an excitatory response followed by an inhibitory response, 2) rare pure excitatory responses. and 3) inhibition without a prior excitatory response. The purpose of this study is primarily to analyze physiologicallY and pharmacologically synaptic input to the BLA and also to examine if components of these excitatory responses from normal animals could explain the amygdala's propensity for seizure generation.
METHODS
Male Sprague-Dawley rats (110-150 g) were decapitated and the brains rapidly removed and placed in cold oxygenated artificial cerebrospinal fluid (ACSF) solution. Subsequently, the brain was hemisected and cut transversely posterior to the first branch and anterior to the last branch of the superior cerebral vein. The resulting section was glued to the chuck of a Vibroslice tissue slicer (Campden Instruments). Transverse slices of 500-m thickness were cut, and the appropriate slices placed in a beaker of oxygenated ACSF at room temperature for at least I h before recording. The ACSF was of the following composition (in mM): 117 NaG, 4.7 KG, 2.5 CaG 2 , 1.2 Mg02, 25 NaHC03, 1.2 NaH2P04, and 11glucose. The ACSF was bubbled with 95% 02"5% CO2 and had a pH of 7.4.
In the recording chamber the slice was fully submerged and maintained at 32 ± ZOC(mean ± SE) with continuously superfused ACSF. Microelectrodes were pulled from fiber-filled capillary tubing of borosilicate glass with a Flaming-Brown micropipette puller (Sutter Instruments, . The resistance of the microelectrodes filled with 4 M K acetate ranged between 70 and 150 MO. On-and off-line data acquisition and analysis was accomplished by the use of an Axolab 1100 interface (Axon Instruments) between an Axoclamp-2A preamplifier and a Dell 310 personal computer utilizing Pclamp 5.03 software programs (Axon Instruments). Analog signals were also stored for later analysis on video cassettes by the use of an adapted video recorder (A. R. Vetter, model 420B) and as bard copy on a Gould (model 34(0) chart recorder. Intracellular recordings were considered acceptable if neurons exhibited overshooting action potentials and showed stable membrane potentials more negative than -60 mV in the absence of a DC holding current. The bridge balance was carefully monitored throughout the experiments and adjusted when necessary.
Synaptic P(w ntials were elicited orthodromically (l50-s square-wave pulses). Bipolar stainless steel electrodes (KopfInstr. SNE-200X; effecti ve resistance, 50 K!J) were used to stimulate electrically Lither the ST or LA nucleus to elicit orthodromic responses. Stimulus intensities, generated by a Grass S88 stimulator, were adjusted to just subthreshold for orthodromic spike generation. Excitatory postsynaptic potentials (EPSPs) were characterized according to their amplitude, 10-90% rise time, and change in membrane resistance as recorded in the postsynaptic neuron at the peak of the EPSP. The value of the time from 10 to 90% of the peak amplitude of the EPSP was determined by the use of the Pclamp (5.03) software. All data are expressed as mean ± SE; in all cases, n is the number of neurons. Statistical analysis used in these studies were the paired Student's t test and, in some cases, a oneway analysis of variance (ANOV A). Statistical significance was determined at the level of P s 0.05.
For the purposes of this study, the rapid onset (DL)-2-amino-5-phosphonovaleric acid (APV)-insensitive EPSP will be called the fast EPSP (f-EPSP) and the slow APV-sensitive EPSP, the slow EPSP (s-EPSP), in accordance with previously published terminology for EPSPs (Collingridge et al. 1988b; Dale and Grillner 1986; Dale and Roberts 1985; Nakanishi et al. 1988) .
All drugs were applied by superfusion in the ACSF and introduced into the recording chamber by means of a three-way stopcock. The drugs used in this study were APV (50 M; Research Biochemicals, Natick, MA), bicuculline metbiodide (BMI; 30 M; Sigma Chemicals, St. Louis, MO), and 6<yano-7-nitrOQuinoxalline-2,3-dione (CNQX; 10 M; Tocris Neuramin, Essex, England).
RESUL TS

Basic electrophysiological properties of BLA neurons
Intracellular recordings were obtained from 120 neurons located within the BLA complex. The resting membrane potential of the neurons analyzed was -67.2 ± 1.2 mV (n = 120). The input resistance (RN) of these neurons was determined by injecting transient hyperpolarizing current step commands of increasing amplitude (200 ms, -0.1 to -0.7 nA) at the resting membrane potential (RMP) of each cell (Fig. lA) and calculating the slope of the resulting currentvoltage (1-V) plot (Fig. 1B) . In 61 of 63 cells (97%), the voltage transient reached a peak value and then declined to . steady state. The plot of current (1) versus the peak voltage (V) deflections (measured at. in Fig. lA) became nonlinear with increasing membrane hyperpolarization and suggested a degree of time-independent rectification. The divergence of the steady-state 1-V plot (measured at 0) from the peak 1-V plot suggested the presence of a time-dependent rectification in BLA neurons. The deviation of the peak 1-V relationship from linearity occurred at membrane potentials more negative than -70 mY, whereas time-dependent sag in the voltage recording, as indicated by the difference between the peak versus the steady-state plot, was observed at levels more negative than -75 mY. The R N , calculated from the slope of the linear portion of the peak 1-V plot (usually corresponding to the membrane p0-tential range -60 to -80 mY), was 47.2 ± 4.0 Mf! (n = 10). Only 2 of 63 cells (3%) showed a steady-state rectification in the 1-V relationship and no time-dependent sag in the voltage transient. The RN of these cells was 39.5 ± 9.5 Mf! (n = 2). The effects of membrane potential on RN were examined by determining the 1-V relationship at more hyperpolarized levels by driving the membrane to steady-state levels with DC current injection. The effect of membrane hyperpol<1rizationon the electrotonic poteBtia1 evoked by a given hyperpohuizing (0.2 nA) step command is shown ift Fig.  1C . The charging curve of the electrotonic potentials was used to calculate the time constant of the membrane (T) at each membrane potential by fitting a single exponential function with the use of the least-squares method. The plot of RN and T as a function of membrane potential showed that, at the mean RMP, BLA neurons are close to the maximum values of RN and T and that both values are reduced with membrane hyperpolarization (Fig. ID) . Neuronal input resistance decreased from 51.7 ± 3.6 Mf! at -60 mV to 34.0 ± 2.6 Mf! at -90 mV (n = 17). Similarly, T decreased from 12 ± 2 ms at -60 mV to 7 ± 1 ms at -90 mV (n = 7). Both reductions were statistically significant (P < 0.05).
Stimulus-evoked postsynaptic potentials
In these studies, usually orthodromic stimulation of the ST, an afferent input to the amygdala, was used, but occasionally the LA nucleus was also stimulated (positions 1 and 2, respectively; Fig. 2A • sponse to ST stimulation is shown in Fig. 2B . At stimulus intensities just below threshold for action potential generation, a multiphasic synaptic response was recorded consisting of an EPSP that appeared to overlap temporally with a fast inhibitory postsynaptic potential (f-IPSP) followed by a slow inhibitory postsynaptic potential (s-IPSP) (LA: n = 5/7; ST: n = 28/44). In other neurons (LA: n = 2/7, ST: n = 13/44) a biphasic synaptic response was observed that consisted of an EPSP overlapping temporally with a f-IPSP. In a small number of neurons (n = 3/44) ST stimulation elicited only an EPSP. With increasing stimulus intensity (10-20 V; 150 /lS; 0.25 Hz) an apparent recruitment of afferent pathways occurred (see Fig. 6A ), resulting in an increase in the amplitude of all three components of the waveform. Because of the overlapping nature of the EPSP with the f-IPSP, determination of the true EPSP amplitude and duration was hampered. Ideally, the EPSP would be studied in isolation by the addition of the GABAA receptor antagonist bicuculline (30 /lM) to the perfusate to minimize the contamination of the EPSP by the f-IPSP (see Rainnie et al. 1991) . However, in BLA neurons, stimulus intensities (10 V; RMP, -65 mY) that in control ACSF evoke a multiphasic waveform cause burst firing to occur in the presence of BMI ( Fig. 2C ) (see also Gean et al. 1989) . Spontaneous burst firing elicited in the presence ofBMI (not shown) also interfered with the recording of evoked synaptic potentials. Hence the measurements of EPSPs were made in the presence of f-IPSPs, and consideration was made for the effect of voltage and pharmacological manipulations on the interaction between the two synaptic potentials. It was noted, however, that in the presence of APV a clear reduction in the f-IPSP was observed, whereas the peak amplitude of the EPSP was mostly unaffected (see later discussion and Fig.   7 ). Hence the duration but not the initial amplitude of the EPSP may be regulated by the onset of the f-IPSP.
The typical EPSP response to increasing stimulus intensity demonstrated the graded nature of the EPSP. The input-output curve for the EPSP was determined by plotting the amplitude of the EPSP as a function of stimulus intensity (Fig. 3B) . The amplitude of the EPSP increased as a function of stimulus strength (Fig. 3B) . Before the EPSP reached threshold for action potential generation (Fig. 3A) , the time to rise from 10 to 90% of the peak EPSP amplitude was 5.8 ± 0.9 ms (n = 6). When the membrane potential was hyperpolarized by DC current injection and a subthreshold stimulus intensity was applied to the ST, the amplitude of the EPSP increased (Fig. 3C) . The duration of the EPSP also appeared to increase, but this may, in part, be caused by the reversal of the f-IPSP at membrane potentials more hyperpolarized than -70 mY. The peak EPSP amplitude was linearly related to membrane potential ( Fig. 3D ) over a potential range from -60 to -100 mY. In those cells tested, a significant reduction (P < 0.05) in RN was observed at the peak of the EPSP (32.5 ± 1.9 MQ; n = 7) when compared with that measured before the EPSP (42.5 ± 2.6 MQ; n = 7) ata membrane potential of-70 mV. The value of the reversal potential of the EPSP could not be determined because of the large membrane shunt caused by the f-IPSP at membrane potentials more depolarized than -60 mY.
Spontaneous synaptic potentials
BLA neurons displayed spontaneous synaptic activity in 93% of the cells studied (n = 57). Spontaneous EPSPs were observed in 89% (n = 51/57) of the neurons analyzed and had a mean amplitude of 1.8 ± 0.1 mV (n = 30) recorded at embrane Potential (mV) 
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spontaneous IPSPs (Fig. 4C) . Interestingly, when the membrane potential was hyperpolarized from the RMP, a reversal of the IPSP component was observed; however, at p0-tentials more hyperpolarized than -70 mY, no apparent spontaneous EPSP component was observed (data not shown). Occasionally, spontaneous IPSPs were observed with action potentials occurring during the period of membrane hyperpolarization (Fig. SA) . The occurrence of action potentials within IPSPs was also seen with ST or LA stimulation. The response ofa BLA neuron to 20-V stimulation of the ST is shown in Fig. 5B . Here, an initial EPSP was followed by an IPSP during which an action potential was elicited.
CNQX-sensitive-evoked EPSPs
A role for glutamate as an excitatory neurotransmitter in the BLA has been proposed by several studies (Otterson et al. 1986; Walker and Fonnum 1983) . The speed of onset and the voltage dependence of the evoked EPSP in BLA neurons suggested that, if the EPSP was mediated by glutamatergic transmission, it would most probably have been through the activation of the quisqualate and/or kainate subtypeS of the glutamate receptor (for review see Mayer and Westbrook 1987) . Recently, a quinoxaline derivative (CNQX) has been shown to be a potent kainate/quisqualate receptor antagonist (Honore et al. 1988) and to antagonize fast excitatory synaptic transmission in the hippocampus McBain et al. 1988 ; Neuman et al. (Fig. 4) . The mean frequency rate of spontaneous EPSPs was 38.8 ± 7.2/min (n = 30). When the membrane potential was held at more depolarized potentials with DC current injection, the EPSP component reached threshold for action potential generation (Fig. 4A) . Spontaneous EPSPs were recorded concurrently with IPSPs in 53% (n = 30/57) of the neurons (Fig. 4B) . Routinely, spontaneous EPSPs were recorded as discrete events and not linked to IPSPs, but, occasionally, spontaneous EPSPs preceded 
FlG. 7. DL-APV causes a small reversible reduction in evoked EPSP amplitude. A: in control ACSF, 20-V ST stimulation evoked a voltage-dependent EPSP whose amplitude increased with membrane hyperpolarization. B: superfusion ofDL-APV caused a small reduction in EPSP amplitude that was greater at -90 mV than at -60 mY. Note that APV also caused a reduction in the amplitude of both the f-and s-IPSP.
1988), dorsal raphe (Pan and Williams 1989) , and retinal ganglion cells (Kay and Ikeda 1989) . We tested whether a quisqualate/kainate receptor may mediate the EPSP by examining the effect of superfusion of low micromolar concentrations ofCNQX on evoked synaptic potentials. A typical response to increasing stimulus intensity, in control ACSF, is shown in Fig. 6A . Characteristically, low stimulus intensities (10 Y) evoked an initial EPSP followed by a f-IPSP. Increasing the stimulus intensity caused an increase in the amplitude of both the EPSP and the f-IPSP as well as the appearance of a s-IPSP. In all neurons tested (n = 11), superfusion ofCNQX (10 M) blocked not only the f-EPSP but also the following f-IPSP and s-IPSP evoked by stimulation of the ST pathway (Fig. 6B) . These effects were reversible after prolonged washout of the drug ( 45 min). In this neuron, held at -65 mY, higher stimulus intensities (15-20 V) revealed the presence of a small s-EPSP recorded in the presence of CNQX (Fig. 6B, bottom traces) . In contrast, in the same neuron, LA stimulation in the presence ofCNQX could still evoke a f-IPSP, which appeared to overlap temporally with a s-EPSP (Fig. 6C tcp) .
The presence of a s-Ef'SP unmaskc.-d during CNQX superfusion suggested that the EPSP evoked in control ACSF may be the summation of at least two EPSPs mediated by different excitatory receptor subtypes. The s-EPSP was reminiscent of slow APV -sensitive EPSPs observed in other regions of the CNS (Jones 1987; Nakanishi et al. 1988; Thompson et al. 1985) . To examine the physiological properties of the f-EPSP in isolation, APY (50 M) was superfused, and the f-EPSP evoked by subthreshold stimulation was analyzed. As shown previously (Fig. 3C) , the EPSP evoked by stimulation of the ST pathway increased in amplitude with membrane hyperpolarization (Fig. 7A) . Superfusion of APY (50 M) typically caused a small, reversible reduction of the EPSP amplitude (n = 4/5) at all membrane potentials tested (Fig. 7B) . APY also produced a consistent reduction in the amplitude (n = 4/4) of both the f-IPSP and the s-IPSP (Fig. 7B) . When the EPSP was plotted as a function of membrane potential (Fig. 8A) , its amplitude increased linearly over the membrane potential range of -60 to -90 mY. In the presence of APY, the relationship between EPSP amplitude and membrane potential was also linear; the reduction of EPSP amplitude caused by APY, however, was greater at -90 mY (23%) than at -60 mY (9%).
Effects of antagonists on membrane potential
In the majority of cells tested at -60 mY, superfusion of Note that the control and APV -resistant EPSP increased in amplitude with membrane hyperpolarization, whereas the CNQX-resistant EPSP decreased. B: plot of input resistance as a function of membrane potential in control aCSF (., n = 5), APV (e, n = 5), and CNQX (., n = 5). Both APV and CNQX tended to cause a greater reduction of input resistance at more hyperpolarized levels, but the effect was not significant. 21) resulted in membrane hyperpolarization (-3.0 ± 0.58 mV and -1.89 ± 0.58 mY, respectively; n = 6) and an ass0-ciated decrease in the apparent RN' When the membrane potential was returned to the control level by DC current injection, the reduction of RN was not statistically significant (control R N : 47.2 ± 4.0 MO; CNQX: 47.0 ± 3.9 MO; APV: 45.6 ± 4.0 MO; n = 5). The plot of the relationship between RN and membrane potential (Fig. 8E) showed that both CNQX and APV appeared to cause a voltage-dependent decrease in RN' A comparison of the curves using a one-way ANOV A indicated that the reduction in RN was not significant at either -60 or -90 mY.
APV-sensitive-evoked EPSPs
The sensitivity of the synaptically evoked EPSP to APV and the unmasking of a s-EPSP in the presence of CNQX suggestcc1that a gJutamatergic receptor of the N-methyl-D3spa11at ~C TMD\) s11btypemay, in part contribte õ the evoked EPSP observed in BLA neurons. To examine this question the s-EPSP observed in the presence ofCNQX was tested for its sensitivity to superfused APV (50 M). A typical response to ST stimulation is shown in Fig. 9 ; here a 20-V ST stimulation evoked the characteristic multiphasic waveform in control ACSF when the membrane potential was held at -65 mV (Fig. 9a) . In the same neuron, addition of APV reduced the amplitude of both the f-and s-IPSP with no apparent effect on the EPSP (Fig. 9b) , whereas CNQX (Fig. 9c) blocked the f-EPSP, f-IPSP, and s-IPSP and unmasked a s-EPSP with a 10-90% rise time of 19.0 ± 1.5 ms (n = 6). Superfusion with ACSF containing CNQX and APV completely blocked the s-EPSP (Fig. 9d) . Interestingly, when CNQX and BMI (30 M) were superfused, the amplitude of the s-EPSP was greater than that in CNQX alone (Fig. ge) . To avoid possible contamination of the s-EPSP by any residual f-IPSP conductance, experiments were conducted in the presence of CNQX plus BMI. The s-EPSP e"okeci in the pre ñce ofCNQX and BMI showed at membrane potentials more negative than -70 mV and indicates the existence of a time-independent rectification. Second, a time-dependent rectification was observed at levels more negative than -75 mY. The decreased resistance associated with both of these phenomena may account in part for the decrease in RN and T observed with membrane hyperpolarization. As both RN and T are critical in determining the amplitude and duration of synaptic responses, these data suggest that any deviation from the RMP in the hyperpolarizing direction will markedly decrease synaptic efficacy. Functionally, this would act to strengthen inhibition in the hyperpolarizing direction. a distinct voltage dependence (Fig. lOA) . This voltage-dependent s-EPSP could be completely blocked by the addition of APV (50 #tM) for 5 min to the superfusing ACSF (Fig. lOB) .
Effects of APV and CNQX on spontaneous activity
We analyzed the effects of excitatory amino acid (EAA) antagonists on spontaneous excitatory and inhibitory activity to test for the types of glutamatergic receptors mediating either the frequency or amplitude of these responses. In every cell tested, APV (50 #tM) and CNQX (10 #t M ) completely blocked spontaneous EPSPs (n = 11, n = 12) and IPSPs (n = 10, n = 12), respectively. Moreover, in the presence of antagonists, no spontaneous activity could be recorded in BLA neurons suggesting that these neurons do not possess intrinsic pacemaker-like activity.
DISCUSSION
The results described here provide evidence for the following: 1) intrinsic regulation of synaptic efficacy via reduction of membrane resistance with hyperpolarization; 2) existence of two distinct EPSPs in BLA neurons, one of which is CNQX sensitive and another that is APV sensitive and can be recorded in physiological concentrations of Mg2+at the normal RMP; 3) modulation of EPSP amplitude and duration by a concomitant IPSP; 4) excitatory tone that can be blocked by glutamatergic antagonists; 5) existence of feed-forward inhibition sensitive to glutamatergic antagonists; and 6) a possible distal dendritic origin for a component of the excitatory input.
Postsynaptic potentials were evoked by stimulation of either the ST pathway or the LA nucleus. These regions were chosen because the ST is a prominent afferent pathway of the amygdala and the LA is the majorintra-amygdalaid projection area to the BLA (Krettek and Price 1978). Although these pathways are of differing network complexity, the pattern of response elicited in BLA neurons by stimulation of these areas is particularly stereotyped. The reSpol.lsesfall int..:>thre ~mai ~categories: 1) ~multiphasic waveform consisting of an EPSP, f-IPSP, and subsequent s-IPSP; 2) a biphasic, EPSP-f-IPSP waveform; and 3) a monophasic waveform consisting only of an EPSP. This stereotypic response would appear to contradict the possibility of a complex network; however, the slice preparation and positioning of the stimulating electrodes may restrict the response pattern observed. On the other hand, the biand multiphasic waveforms are remarkably similar to those responses recorded intracellularly from amygdaloid neurons in vivo after stimulation of the ST (De Molina et al. 1981) or entorhinal cortex (Brothers and Finch 1985) , suggesting that the in vitro model may reproduce, in part, the normal in vivo synaptic input onto BLA neurons.
The reduction in both membrane input resistance (RN) and T with membrane hyperpolarization indicates an intrinsic regulation of synaptic efficacy. The mechanisms underlying this voltage-dependent reduction were not studied in detail; however, the 1-V plots shown in Fig. IB give an indication of two possible phenomena that may contribute to the reduction. First, the 1-V plot deviates from linearity
Involvement of kainate/quisqualate receptor activation in synaptic transmission in BLA neurons
The EPSPs recorded in control ACSF in this study showed characteristics that were similar to those previously reported for the f-EPSP in the dentate gyrus (Crunelli et al. 1982 (Crunelli et al. , 1983 , caudate nucleus (Herrling et al. 1983) , photoreceptors of the retina (Slaughter and Miller 1983) , and spinal cord (Jahr and Jessell 1985; Nelson et al. 1986; O'Brien and Fischbach 1986) , which were proposed to be mediated by activation ofnon-NMDA EAA receptors. Typically, the EPSP in basolateral neurons had a fast 10-90% rise time (5.8 ± 0.9 ms) and a peak amplitude that increased with both stimulus intensity and membrane hyperpolarization from the RMP. The relative insensitivity of the EPSP to the specific NMDA antagonist APV suggests that the non-NMDA component ofthe EPSP is the main contributor to signal transduction in BLA neurons under normal physiological conditions during periods oflow-frequency synaptic input. The APV -insensitive component can be blocked by the application of 10 #tM CNQX, a potent competitive antagonist ofnon-NMDA glutamate receptors (Honore et a1. 1988) . These results are consistent with the observation that in hippocampal CA 1 neurons (Blake et al. 1988 (Blake et al. , 1989 CNQX completely abolishes synaptic transmission evoked by stimulation of the Schaffer collateral-commissural fiber pathway. Hence it is probable that the: F!ajor compo::'ent of the EPSP observed in BLA neurous is mediatc-d by .,,,,,tiVr\ tion of one of the kainatejquisqualate subtypes of EAA receptors.
Involvement of NMDA receptor activation in synaptic transmission in BLA neurons
Unlike the hippocampal synaptic pathway, stimulation ofthe ST or LA evoked a residual s-EPSP in the presence of CNQX. The possibility of a dual component ofEAA synaptic EPSP transmission has been reported in Xenopus motoneurons in vivo (Dale and Roberts 1985) , lamprey spinal cord (Dale and Grillner 1986) , and spinal cord cultures of the chick (O'Brien and Fischbach 1986). The EPSP that remained after CNQX superfusion had a slow 10-90% rise time (19 ± 1.5 ms), decreased in amplitude with membrane hyperpolarization from the RMP, and was blocked by APV, indicating that the s-EPSP may be mediated by NMDA receptor activation. In normal Mg 2 +-containing media, EPSPs mediated via NMDA receptors have been reported at only a few sites in the CNS, particularly in the cortex (Jones 1987; Sutor and Hablitz 1989; Thompson et al. 1985 Thompson et al. , 1989 and also in subthalamic neurons (Nakanishi et al. 1988) . One reason for this is the voltage-dependent block of the NMDA ionophore by Mg2+ions Ascher and Nowak 1988; Mayer et al. 1984; Nowak et al. 1984) , which becomes more apparent with membrane hyperpolarization.
Consequently, synaptic potentials blocked by NMDA antagonists have usually only been demonstrated when conditions for conductance through the NMDA ionophore have been maximized. These conditions routinely include 1) the removal of extracellular Mg2+ions (Collingridge et al. 1988a; Gallagher and Hasuo 1989; Herron et al. 1985; Jeftinya 1989; Minota et al. 1989; Mody and Heinemann 1987) , 2) blockade of "(-aminobutyric acid (GABA)-mediated inhibition (Dingledine et al. 1986; Hablitz and Langmoen 1986; Herron et al. 1986; Pierson et al. 1989) , and 3) membrane depolarization to levels where Mg2+ blockade of the ionophore is overcome by high-frequency or tetanic stimulation (Collingridge et al. 1988b; Herron et al. 1986; Stelzer et al. 1987) . We have demonstrated that under normal physiological conditions postsynaptic NMDA receptors are activated on BLA neurons.
Glycine has been demonstrated to affect NMDA receptors allosterically and thus potentiate NMDA-mediated responses (Drejer et al. 1989; Aetcher and Lodge 1988; Johnson and Ascher 1987; Kessler et al. 1989b; Kieth et al. 1989; Minota et al' 1989) . Further, Kleckner and Dingledine (1988) reported that the expression ofNMDA responses in Xenopus oocytes injected with mRNA encoding for NMDA receptors was critically dependent on the presence of glycine in the recording media. Any alteration in extracellular glycine levels or of glycine binding to its recognition site on the NMDA receptor will affect the activation of NMDA-mediated responses. CNQX at high micromolar concentrations has been shown to block the strychnine-insensitive glycine binding site on the NMDA receptor/channel and attenuate responses to NMDA (Birch et al' 1988; Harris and Miller 1989; Kessler et al' 1989a) . We observed that individual BLA neurons showed no change in the peak amplitude of APV -sensitive responses in the presence or abse,,:e of glycine (luM) when superfused with 10 J.LM CNQX. We conclude that at this concentration CNQX has little or no effect on NMDA-mediated responses. These data suggest that, in the slice preparation used for these experiments, strychnine-insensitive glycine binding sites are fully saturated by endogenous glycine.
The temporal overlap of the f-IPSP and the s-EPSP [time to peak, 26.1 ± 0.8 ms (n = 9) and 22.4 ± 4.1 ms (n = 6), respectively] raised the possibility that a CNQX-resistant f-IPSP might shunt membrane resistance during NMDA receptor activation and thereby diminish the s-EPSP amplitude. Evidence for this synaptic shunt was observed where an increase in the amplitude of the CNQX-resistant s-EPSP was measured in bicuculline (30 J.LM) in every cell tested. This enhancement of the APV-sensitive s-EPSP observed in bicuculline is consistent with those studies showing an APV -sensitive component of synaptic transmission only in the presence of bicuculline or picrotoxin (Dingledine et al' 1986; Hablitz and Langmoen 1986; Herron et al. 1986; Pierson et al. 1989) . Several possible explanations have been proposed for these observations: 1) a presynaptic disinhibition of excitatory pathways; 2) removal of postsynaptic GABA-mediated hyperpolarization, allowing voltagedependent Mg2+ blockade of NMDA receptor/channel to be overcome; and 3) removal of the shunting effect of a GABAergic IPSP on NMDA transmission. The results of the present study suggest that the removal of the shunting effect of GABAergic IPSPs is necessary for the full expression of NMDA receptor-mediated transmission and that under normal physiological conditions the expression of NMDA-mediated responses in BLA neurons is dependent on a fine balance between excitatory and inhibitory inputs. Furthermore, CNQX-resistant, evoked IPSPs were more noticeable when stimulating the LA than the ST pathway. These data suggest that stimulation of the LA directly activates inhibitory intemeurons projecting to the BLA. The membrane hyperpolarization induced by CNQX and APV in BLA neurons indicated that there may be a tonic activation of postsynaptic EAA receptors at the RMP. This hypothesis is supported by the observation that superfusion oftetrodotoxin (1 J.LM) to block action potential generation also caused a membrane hyperpolarization (unpublished observation) in BLA neurons. It is therefore possible that a tonic action potential-dependent release of an EAA (presumably glutamate) and subsequent activation of postsynaptic glutamatergic receptors contributes to the RMP of BLA neurons. Sah et al. (1989) reported a similar finding in hippocampal CA 1pyramidal neurons and concluded that a tonic activation of postsynaptic NMDA receptors contributes to the RMP of these neurons. Tonic activation of this type would be expected to 1) increase neuronal excitability by shifting the RMP closer to that for action potential generation, alleviating a degree of Mg2+ blockade of NMDA channels, 2) allow a greater expression of APV-sensitive s-EPSPs, and 3) increase the probability of temporal summation of EPSPs. No significant change in input resistance was observed with either CNQX-or APV -mediated hyperpolarizations, suggesting the possibility of an indirect action on the "upstream" release of other unspecifi.ed transmitters.
The possibility of ail APV-and CNQX-regulated release of other· non-EAA neurotransmitters is supported by the fi'1ding that both antagonists block spJntaneous IPSr's as well as EPSPs. Furthermore, the ST-evoked f-IPSP and s-IPSP were either partially (APV) or totally blocked (CNQX). GABA release has been shown to be stimulated by glutamate, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, quisqualate, and kainate in brain slices containing striatal neurons (Pin et al. 1989) and by NMDA in primary cultures of fetal rat cortex (Reynolds et al. 1989) and striatal neurons (Weiss 1990) . The absence of spontaneous IPSPs in the presence of either antagonist suggests that these IPSPs are generated by a glutamate-driven feed-forward inhibitory pathway. This hypothesis is congruent with the observations that synaptic excitation of GABAergic intemeurons in the spinal cord is sensitive to both CNQX and APV (Evans and Long 1989) , APV reduces evoked IPSPs in hippocampal CA 1 and CA3 neurons (Hablitz and Langmoen 1986) , and that both feed-forward and feedback inhibition are sensitive to CNQX . It is interesting to note, however, that kainate and quisqualate have recently been reported to reduce the GABAB-activated K+conductance evoked in hippocampal CA3 neurons after bifurcates, one branch terminating on a GABA inhibitory stimulation of the mossy fiber tract (Rovira et al. 1990) .
interneuron (-) responsible for the f-IPSP via an input at or near the cell soma of the impaled neuron, and another branch terminating on the dendritic arborization of the impaled neuron. If the signal in pathway 2 is of sufficient magnitude, a f-IPSP would be generated that may shunt any input occurring from pathway 1; the collateral terminating on the dendritic tree, however, might evoke a postsynaptic response strong enough to generate a dendritic calcium spike that could then invade the cell soma, overcome the f-IPSP shunt, and trigger a sodium ẽpendent all-or-none action potential. It is possible that input 1 may be yet another branch of input 2, hence any alteration of the excitability of the GABA interneuron would dramatically change the input-output response of the postsynaptic neuron. Functionally, this mechanism would act as a multiplier whereby a single action potential occurring in the presynaptic EAA axon could result in the generation of two action potentials in the postsynaptic neuron. The observation by McDonald (1982) that axons of Oass I neurons establish en passant or terminal contacts with dendrites of neighboring Oass I cells raises the possibility that the excitatory input that evokes the f-IPSP in the impaled neuron may cause action potential generation in a neighboring neuron, possibly resulting in an excitatory drive onto the impaled neuron. This cross communication between Oass I neurons could result in the spread of enhanced excitability throughout the BLA nucleus. This may, in part, be the reason why the amygdala is such a responsive complex to the kindling paradigm (see discussion below).
Synaptic circuitry
The observation that no spontaneous EPSPs were apparent after membrane hyperpolarization to levels more negative than -70 mY, whereas spontaneous IPSPs could be seen to clearly reverse polarity with membrane hyperpolarization, seemed to be an anomaly. One possible explanation may be that a proportion of the excitatory input is localized at a remote synapse in the dendritic arborization and that the inhibitory component is mainly somatic. As shown in Fig. ID , the input resistance ofBLA neurons decreases dramatically with membrane hyperpolarization, and consequently the neuron becomes electrotonically less compact. An EPSP generated in the dendritic arborization may then be shunted before it reaches the cell soma, whereas the somatically generated IPSP /reversed IPSP may still be observed, albeit reduced in amplitude. This hypothesis is supported by the observation that, at membrane p0-tentials more positive than the RMP, action potentials and EPSPs could be observed occurring within the duration of IPSPs (Fig. 4C, ; Fig. 5A ). The absence of a preceding action potential would appear to rule out the possibility of recurrent collaterals being responsible for the delayed action potential. Action potentials within IPSPs were also seen with ST stimulation (Fig. 5B) . A similar finding was reported in pyramidal cells of the turtle visual cortex after stimulation of the superficial molecular layer (Kriegstein and Connors 1986). These authors concluded that the site of origin of the delayed action potential was probably in the distal dendrites.
The possible input, via the ST pathway, onto a single BLA neuron is shown schematically in Fig. 11 . Here, the EAA input (+) is shown as two individual paths 1 and 2. Path 1 is a direct input at or near the cell soma that would mediate the f-EPSP observed in evoked responses. Path 2 Df'lidrilic Arborisation Recording Electrode (2) BASOLATERAL AMYGDALA AG. 11. Schematic drawing of the possible excitatory (+) and inhibitory (-) synaptic inputs onto a BLA neuron via the ST pathway. Pathway 1 is shown as a direct EAA input, making synaptic contact with the cell soma and possibly mediating the f-EPSP. Pathway 2, also . EAA input, is shown to make synaptic contact with both a GABAergic IDtemeuron, responsible for the f-IPSP, and the dendritic arborization of the BLA neuron.
Functional consequences oj NMDA and kainate/ quisqualate receptor activation in the BLA
Irrespective of pharmacological manipulations required, EAA receptor-mediated synaptic transmission has been implicated in two forms of synaptic plasticity in the CNS: 1) long-term potentiation (LTP), and 2) long-term depression (LTD). The expression and maintenance of LTP depends on activ<\tion ofNMDA and quisqualate/kainate receptors, respectively (Artola and Singer 19S7; Collingridge et al. 1983; Muller et al. 1988) , whereas LTD is due to activation and desensitization of quisqualate receptors (Kano and Kato 1987) . Both LTP and LTD have been implicated as neuronal mechanisms for memory and learning (Ito 1989; Mondadori et al. 1989; Morris et al. 1986) .
Hence the BLA nucleus must be regarded as a good locus for the possible induction of either LTP or LTD because of the expression of both CNQX-and APV -sensitive EPSP components in normal physiological ACSF. Indeed, anatomic studies have shown that the BLA is an integral component of the basolaterallimbic circuit, which is proposed to be involved in spatial learning and memory (Aggleton and Mishkin 1984; Sarter and Markowitsch 1984; van Vulpen and Verwer 1989) . Further, behavioral studies have demonstrated that the amygdala is associated with stimulus-reward associations (Cador et al. 1989; Gaffan and Harrison 1987; Jones and Mishkin 1972) and that infusion ofNMDA antagonists into the BLA blocks the acquisition but not the expression of fear conditioning (Miserendino et al. 1990 ). The parallel between the blockade of both LTP induction and acquisition of fear conditioning by NMDA antagonists is notable. This raises the possibility that the memory-related acquisition of fear conditioning is subserved by the development ofL TP-like phenomena in neurons of the BLA because of an enhancement of the APYsensitive component of the EPSP and is maintained by the CNQX-sensitive component.
A second perhaps more chronic form of LTP, kindling, has long been associated with the amygdaloid complex. We have previously reported that kindling in the amygdala induces spontaneous epileptiform activity and an apparent loss of both spontaneous and evoked IPSPs (Gean et al. 1989) . In addition, the epileptiform activity was sensitive to NMDA antagonists (Gean et al. 1989) . As with LTP, development of epileptiform activity recorded in the hippocampus in response to hippocampal kindling can be impaired by APY, but NMDA antagonists have no effect on previously induced seizures in vitro (Stasheff et al. 1989) . The present study has demonstrated three factors that would facilitate the development and expression of epileptiform activity in BLA neurons. First, there is an NMDA receptor-mediated component of synaptic transmission that can be recorded under normal physiological conditions and that may be greatly enhanced during high-frequency stimulation. Second, there is a fine balance between the presence of a f-IPSP and the full expression of the NMDA receptor-mediated synaptic component; any reduction in the f-IPSP amplitude will result in a marked enhancement of the APY-sensitive EPSP. Last, reduced activity in GABA interneurons may result in an increase in the signal-response ratio, hence increasing BLA neuronal excitability.
A decrease in the number of cells showing GABA-like immunoreactivity in the hippocampus has been observed after kindling (Kamphuis et al. 1986 ). In a preliminary report Callahan et al. ( 1990) demonstrated a similar decrease in the contralateral BLA after amygdala kindling. Neurotoxicity associated with EAA transmission has been reported to occur by activation ofNMDA receptors (Cox et al. 1989; Faden et al. 1989; Garthwaite and Garthwaite 1989a; Manev et al. 1989) and quisqualate receptors, possibly of the metabotropir subtype (Garthwaite and Garthwaite 1989b) . In this study we have demonstrated that a population of presumed GABAergic interneurons are driven by a pathway that utilizes glutamate as a transmitter. It may be speculated that high-frequency stimulation of this pathway during the kindling paradigm results in excessive glutamate release and subsequent degeneration of the GABA interneurons. As mentioned above, this would cause a marked increase in BLA neuronal excitability, possibly resulting in the onset of seizures.
In conclusion, this study has shown that the EPSP recorded from presumed Class I projection neurons of the BLA has a dual EAA component. In normal physiological conditions low-frequency synaptic transmission via the ST or intra-amygdaloid LA pathways can result in the expression of both a fast CNQX-sensitive EPSP and a slower APY -sensitive EPSP at the RMP. The expression of one or both of these potentials and hence BLA neuronal excitability is determined by the state of the intrinsic neuronal network, the temporal overlap of a fast GABAergic IPSP, and the presence or absence of a tonic EAA release. Any alteration in one or more of these elements will markedly affect BLA firing properties.
